To embed the seesaw mechanism in the MSSM, two or three right-handed neutrino supermultiplets, Ni, have to be added to the model. In this framework, the supersymmetry breaking potential will include a new term called neutrino B-term: M BνÑÑ /2. In this talk, we present a toy model that generates a large neutrino B-term keeping other supersymmetry breaking parameters small. We then review the consequences of having a large neutrino B-term on the electroweak symmetry breaking parameters and electric dipole moments (EDMs) of elementary particles.
Introduction
The Standard Model (SM) of elementary particles has been so far able to explain the accelerator data. Despite its remarkable achievements, the SM suffers from some shortcomings: i) In order to cancel the quadratic divergences appearing in the radiative corrections to the Higgs mass, the parameters of the theory have to be highly fine-tuned. (ii) In the framework of SM with zero neutrino mass, we are unable to explain the solar and atmospheric neutrino data. We also need physics beyond the SM to explain the KamLAND and K2K results.
To overcome the former shortcoming, several extensions of the SM have been developed among which the Minimal Supersymmetric Standard Model (MSSM) is one of the most elegant models. The superpotential of this model is
where L β j is the supermultiplet corresponding to the doublet (ν Lj , l Lj ) and E i is the superfield associated with the charged lepton ℓ + iL . Y ℓ is the Yukawa matrix of the charged leptons and the last term is the famous mu-term.
The MSSM in its most general form contains several sources of Lepton Flavor Violation (LFV) which in principle can give rise to LFV rare decays of µ and τ exceeding the present experimental bounds. Motivated by this observation, the constrained MSSM (CMSSM) has been proposed which assumes that at high energies, which we will loosely call M GU T , the masses of sfermions are universal. That is, at M GU T , the soft supersymmetry breaking potential is
where the A-coupling is supposed to be proportional to the corresponding Yukawa couplings,
Although there are strong upper bounds on neutrino mass from beta decay experiments and cosmological considerations, the observation of neutrino oscillation guarantees that at least two neutrinos have nonzero mass. That is while in the framework of both SM and MSSM the masses of neutrinos are zero. One of the most economic ways to attribute a tiny but nonzero mass to neutrinos is the famous seesaw mechanism which involves three very heavy right-handed neutrinos. To embed the seesaw mechanism in the MSSM, three right-handed neutrino supermultiplets, N i , have to be added to the model. In the presence of these new supermultiplets the superpotential includes new terms
where the first term is the Yukawa coupling of neutrinos and the second term is the mass term for N i . Without loss of generality we can rotate and re-phase the fields to make both Y ℓ and M ij real diagonal. Throughout this paper, we work in such basis:
. In order to make neutrino masses tiny, M i have to be very large: M i /M susy ≫ 1. In the presence ofÑ i , also the soft supersymmetry breaking potential includes new terms:
where at the GUT scale A ν = a 0 Y ν . The last term is the neutrino B-term which violates the lepton number by two units. SinceÑ i are singlets of SU(3)× SU(2)× U(1), in general the B ν can be much higher than the electroweak scale, m EW . However for the range of parameters that m EW ≪ B ν ≪ M i , the contribution of the neutrino B-term to neutrino masses 1) , electroweak symmetry breaking parameters 2) and LFV masses of the left-handed sleptons 3) can be significant. Also, if B ν is complex, it can be considered as a new source of CP-violation, inducing EDMs for elementary particles 3) . This paper is organized as follows. In Sec. 2, we review the theoretical prediction for the order of magnitude of B ν in the context of mSUGRA and we then suggest a toy model that allows large values of B ν while keeping other supersymmetry breaking parameters low ( < ∼ 1 TeV). In Sec. 3, we review the effects of B ν on electroweak symmetry breaking parameters. In Sec. 4, we study the effects of an imaginary B ν on the EDMs of the elementary particles. In Sec. 5, we summarize our conclusions.
In the context of the mSUGRA, the soft supersymmetry breaking terms originate from the interaction of a chiral superfield S with the super-potential:
The scalar and F -components of S develop vacuum expectation values S = 1 + F S θ 2 and F S determines the scale of the soft supersymmetry breaking terms. Within this model we expect B ν ∼ a 0 ∼ m susy . Remember that we have parameterized the neutrino B-term as M B νÑÑ /2 so, in this model, we expect √ B ν M ≫ m susy . Let us now suppose that besides S which couples to the lepton number conserving part of the superpotential, there is a spurion field, X, that carries lepton number equal to two. We can then write the following term in the superpotential
However, terms such as pl . Let us assume that the self-interaction of the hidden sector is such that both the scalar-and Fcomponents of X develop nonzero vacuum expectation values. The vacuum expectation values of the components of X break the lepton number symmetry of the model. The vacuum expectation value of the scalar component of X, X , corresponds to the Majorana mass term of the righthanded neutrinos while the vacuum expectation value of the F -component, F X , gives the neutrino B-term. With our parametrization of the neutrino B-term,
Both F X and X can be large, giving rise to large right-handed neutrino masses and B ν , while other supersymmetry breaking terms, which are given by F S , are at the TeV scale or smaller.
Notice that in this model, in the basis that the mass matrix of the right-handed neutrinos is real diagonal, the neutrino B-term is also diagonal so the parametrization that we are using for the neutrino B-term is the appropriate one.
Effects of the Neutrino B-term on the Higgs Mass Parameters
In this section, we study the effects of a large B ν on the Higgs mass parameters and derive bounds on its value from the fulfillment of the electroweak symmetry breaking condition. Diagrams shown in Fig. 1 give a correction to m 2 Hu which is equal to
Presence of a large neutrino B-term also induces non-negligible corrections to b H as it is shown in Fig 2. The correction is finite and is equal to
By dimensional analysis we can show that any correction due to B ν to the quadratic Higgs interaction is suppressed by B ν /M which is negligible. The contribution to the cubic Higgs term is also zero. So the potential of H 0 u and
Note that here we have not included the one-loop effective potential terms 4) ; however, since our analysis is based on an order of magnitude consideration, including those terms cannot alter our conclusions.
Requiring
and
where tan β = H u / H d . Assuming |µ| 2 ∼ m 2 Hu ∼ m 2 susy , Eq. (10) gives
From the LEP data 5) , we know that tan β > 2 and the data favors large values of tan β (tan β > 10). Based on the naturalness condition, it seems quite unlikely that b H and ∆b H cancel each other, so we expect that
Notice that if Y ν ≪ 1, B ν can still be several orders of magnitude larger than m susy . In this section, we briefly review the latter effect.
As it is depicted in Fig. 3 , the neutrino B-term can induce a correction to the A-term of charged leptons. If B ν is imaginary, the correction which is proportional to B ν will also be imaginary, contributing to the EDMs of corresponding charged lepton:
where S is the spin of the particle; V 0ia and m a are respectively the mixing and masses of the neutralinos and
If we assume that the imaginary B ν is the dominant source of CP-violation contributing to d e , the present strong bound 9) on d e (d e < 1.
This bound can be improved significantly in the near future.
Recently, it has been shown that an imaginary B ν gives an imaginary correction to A u , inducing a contribution to the EDMs of d Hg and d n , too 10) .
In principle, the contribution of the different CP-violating phases to EDMs can cancel each other. According to Ref. 6) , if µ and a 0 are the only sources of CP-violation, it will not be possible to satisfy the upper bounds on d e and d Hg by cancelation scenario and as a result the phases of µ and a 0 indeed have to be very small. Now, if we turn on the imaginary B ν , there will be enough parameters to satisfy the experimental bounds even if φ µ , φ a 0 ∼ 1. This can have novel experimental implications in accelerator physics 11) .
Conclusions
The condition for the electroweak symmetry breaking implies 
